As one of the most prominent metal-hydrides, beryllium hydride has received much attention over the past several decades, since 1978, and is considered as an important hydrogen storage material. By reducing the dimensionality from 3 to 2, the beryllium hydride monolayer is isoelectronic with graphene; thus the existence of its two-dimensional (2D) form is theoretically feasible and experimentally expected. However, little is known about its 2D form. In this work, by a global minimum search with the particle swarm optimization method via density functional theory computations, we predicted two new stable structures for the beryllium hydride sheets, named a-BeH 2 and b-BeH 2 monolayers. Both structures have more favorable thermodynamic stability than the recently reported planar square form (Nanoscale, 2017, 9, 8740), due to the forming of multicenter delocalized Be-H bonds. Utilizing the recently developed SSAdNDP method, we revealed that three-center-two-electron (3c-2e) delocalized Be-H bonds are formed in the a-BeH 2 monolayer, while for the b-BeH 2 monolayer, novel four-center-twoelectron (4c-2e) delocalized bonds are observed in the 2D system for the first time. These unique multicenter chemical bonds endow both a-and b-BeH 2 with high structural stabilities, which are further confirmed by the absence of imaginary modes in their phonon spectra, the favorable formation energies comparable to bulk and cluster beryllium hydride, and the high mechanical strength. These results indicate the potential for experimental synthesis. Furthermore, both a-and b-BeH 2 are widebandgap semiconductors, in which the a-BeH 2 has unusual mechanical properties with a negative Poisson's ratio of À0.19. If synthesized, it would attract interest both in experiment and theory, and be a new member of the 2D family isoelectronic with graphene.
Introduction
The prediction of new materials is always exciting, 1-3 especially when it has a reduced dimensionality, e.g. graphene [4] [5] [6] and graphene-like 2D materials, Cu 2 X (Si, Ge), 7, 8 which were named "graphene mimics of the future." As the lightest element in the group of alkaline earth metals, beryllium is a magic element that not only can improve many physical properties when added as an alloying element to metal elements, but also can form both ionic and covalent bonds with many non-metal elements, such as hydrogen, carbon, and nitrogen. Among them, beryllium hydride (BeH 2 ) has been well investigated over the last 40 years as an effective hydrogen storage material. [9] [10] [11] Dating back to 1978, the crystalline BeH 2 was rst prepared by G. J. Brendel et. al. under high-pressure compaction-fusion of amorphous BeH 2 catalyzed by lithium. 12 While suffering from a toxicity issue, bulk BeH 2 has the highest hydrogen weight percentage of 18.2 wt% and moderate hydrogen desorption temperature of about 250 C. 13, 14 Recently, its non-bulk forms, BeH 2 nanoparticles, and line-style [BeH 2 ] n nanoclusters, have been successfully synthesized in experiment for hydrogen storage due to the large surface to volume ratios at the nanoscale level, [15] [16] [17] [18] [19] which raised further interest in its low dimensions such as two-dimensional (2D) form.
The concept of "2D beryllium hydride monolayer" was rst proposed by M. Seel as early as in 1989, 20 thirteen years before the realization of the rst atomic-thickness material graphene in 2004. Under the inspiration of the geometric structure of bulk LiBeH 3 , this BeH 2 monolayer is supposed to be a very at sheet, as shown in Fig. 1(c) . Aer then, a debate on the stability and electronic property (metallic or insulating) for this planar BeH 2 monolayer had been developed. 21, 22 Very recently, this planar square form of BeH 2 monolayer has again attracted interests from researchers due to its topological nontriviality.
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In which, it has Fermi circles centered at G (0,0) and K (1/2,1/2) points, respectively, and the corresponding Fermi velocities are even higher than that in graphene. Then, a natural research question comes: is this planar form the global minimum structure for BeH 2 monolayer?
To answer this question, we rst look into the bonding behaviors for Be and H elements themselves. On one hand, Be element is electron-decient, which has an electron congura-tion of 1s 2 2s 2 . Hydrogenation is an effective strategy to compensate the electron-deciency of beryllium. The stoichiometric BeH 2 is isoelectronic with graphene, 24 thus, it is expected to be very stable in energy. The stability of graphene is represented by the delocalized six-center-two-electron (6c-2e) pairs.
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On the other hand, Be element can not only form the traditionally chemical bonds but also can participle in the forming of the multicenter delocalized bonds, e.g. Be 5 C 2 monolayer, 26 Be 2 C monolayer. 27 In a recent literature, a tug-of-war between classical and multicenter bonding is demonstrated in Be containing H-(Be) n -H species.
28 By sharing electrons between Be and H atoms, multicenter bonding would exist and then reduce the total energy signicantly. In this way, low dimensionality and unique structural topology may lead to exceptional properties of materials, e.g. negative Poisson's ratio.
Computational details
Our density functional theory (DFT) calculations were performed by the Vienna ab initio simulation package (VASP). 29 The ion-electron interaction was treated by the projectoraugmented plane wave (PAW) approach, and the electron exchange-correlation functional was described by the generalized gradient approximation (GGA) as expressed by Perdew, Burke, and Ernzerhof (PBE). 30 Since the standard PBE functional is unable to describe weak interactions correctly, we adopted a Grimme vdW corrected PBE approach by adding a semi-empirical dispersion potential to the conventional Kohn-Sham DFT energy. 31 This approach introduces damped atom-pairwise dispersion correction of the form C 6 R À6 in the DFT formalism. The accuracy of PBE has been well validated in recent works. 32 A cutoff energy of 600 eV for the plane-wave basis set was adopted in all computations with the energy precision of 10 À6 eV and force precision of 10 À3 eVÅ À1 . A 9 Â 9 Â 1 Gcentered MonkhorstÀPack k-points grid is good enough for numerical convergence. A vacuum space 15Å was adopted in the z-direction to prevent the interaction effect from adjacent cells. The CALYPSO code 33 using a particle swarm optimization (PSO) method was employed to search for the lowest-energy BeH 2 monolayers. This PSO algorithm has been proved as an efficient structure prediction method in many works. 34 The required structure relaxations were performed by PBE functional, as implemented in VASP code. In our PSO calculations, the population size is set to 48, and the number of generation was maintained at 30. Besides the linear polymeric form of BeH 2 , two low-energy stable BeH2 monolayers were obtained. To assess the kinetic stability of BeH 2 monolayers, the Phonopy code 35 was used to perform a phonon dispersion analysis with density functional perturbation theory (DFPT), 36 as implemented in VASP. In the VASP-DFPT lattice dynamics calculation, a 4 Â 4 Â 1 q-point grid is employed to compute the interatomic force. To evaluate the thermal stability, the ab initio molecular dynamics (AIMD) was carried out with a NoséÀHo-over algorithm. 37 To be accurate and reliable, a 5 Â 5 Â 1 supercell of Be 25 H 50 is used with a total simulation time of 20 ps.
Results and Discussion
Following the "bottom-up" analysis strategy, we rst study the simplest beryllium hydride, Be 2 H 4 molecule. With two Be, two terminal and two bridging H atoms, the ground state of the Be 2 H 4 molecule has a D 2 h structural symmetry. A total of four electrons are shared between two Be atoms and two bridging H atoms, resulting in two three-center-two-electron (3c-2e) bonds, as well known as "banana" bonds. Inspired by the work of the borane monolayer constructed from the bonding nature of diborane molecules, 38 we designed a BeH 2 chain from the bonding nature of the Be 2 H 4 molecule. It is constructed by both the "banana" bonds and the covalent Be-Be bonds. This BeH 2 chain is easy to be expanded to a ring type or a link type congurations, while not in a periodic 2D form. To solve this issue, a comprehensive rst-principles-based particle swarm optimization (PSO) search is used to predict the global minimum structures for the 2D BeH 2 . The optimized geometric structures for two most stable congurations are shown in Fig. 1 , namely a-and b-BeH 2 . For comparison, the planar form of the BeH 2 monolayer is also given here, namely g-BeH 2 .
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The symmetric groups for a-, b-and g-BeH 2 are P-4M2, P-3M1 and P4/MMM, with the lattice constants of 2.38, 2.30 and 2.95Å, respectively. According to our careful computations, aBeH 2 has the lowest total energy, which is 0.009 eV per unit cell lower than that of b-BeH 2 . Since the room temperature (300 K) corresponds to thermal energy of K B T z 0.026 eV, both a-and b-BeH 2 may exist as stable structures. In comparison, g-BeH 2 is 1.3 eV higher in energy than those of a-and b-BeH 2 . As zeropoint energy (ZPE) could be relevant, we then included the ZPE to the structural energies, and found that the b-BeH 2 is slightly more stable than a-BeH 2 by 0.16 eV in energy. Due to the complexity of the real experimental environment, we believed that a-and b-BeH 2 are equally important and thus discussed them together in this work.
In the a-BeH 2 , as similar as in g-BeH 2 , the Be atoms are tetra-coordinated with four H atoms around it. However, not like all the atoms in the same plane in g-BeH 2 , the congura-tions of a-BeH 2 could be seen as one Be atomic layer 
in g-BeH 2 to 109.4 in a-BeH 2 , meanwhile, the bond length of Be-H is slightly decreased from 1.48 to 1.46Å, which is still longer than that of 1.43Å in bulk BeH 2 . 16 As a result, the structural distortion of the a-BeH 2 results in a much higher stability. In the b-BeH 2 , each Be atom is hexacoordinate with six neighboring H atoms, and each H atom is bonded to three Be atoms on both sides of the plane in an alternating manner. Interestingly, the bond length of Be-H in the b-BeH 2 is computed to be 1.59Å, which is much longer than that in bulk BeH 2 (1.43Å) at the same theoretical levels. To the best of our knowledge, this is the longest Be-H bond length which has been reported to date.
So, why the structures of a-BeH 2 and b-BeH 2 are more stable than that of g-BeH 2 ? Even the former structures have much longer Be-H bond lengths? To understand this, we evaluated the cohesive energies to access the experimental feasibility of these two predicted BeH 2 monolayers, dened as E c ¼ (n Be E Be + n H E H À E BeH2 )/(n Be + n H ). In which, E BeH2 is the energy of a-or b-BeH 2 . E Be and E H are the energies of single Be and H atoms. In this denition, a larger E c represents a higher stability. According to our computations, the E c values of a-BeH 2 and bBeH 2 are similar as much as 2.76 eV per atom, which are 0.14 eV per atom smaller than that of bulk BeH 2 (2.90 eV per atom), higher than that of the experimentally synthesized nanoclusters Be n H 2n (n ¼ 3-9) (2.54-2.71 eV per atom), 16 and much higher than that of 2.34 eV per atom in the g-BeH 2 . For comparison with other popular 2D materials, using the same theoretical method, the cohesive energies of graphene, Cu 2 Si monolayer, and germanene are 7.85, 3.46 and 3.26 eV per atom, respectively. Thus, both a-and b-BeH 2 have high structural stabilities.
To access the kinetic stabilities of a-and b-BeH 2 , we then calculated their vibrational normal modes. As shown in Fig. 2 , there are no appreciable imaginary modes in the phonon spectrums in the a-and b-BeH 2 , indicating high kinetic stabilities of these two nanomaterials. Remarkably, the highest frequencies of a-BeH 2 and b-BeH 2 are $1785 cm À1 (¼ 53.54
THz) and $1470 cm À1 (¼ 44.09 THz), respectively, which are comparable to the highest frequency of 1600 cm À1 in graphene, 39 showing the robust bonds in both a-and b-BeH 2 . Then, the thermodynamic stabilities of a-and b-BeH 2 have been conrmed through the AIMD simulations. Three different temperatures of 298, 500 and 550 K with a simulation time of 10 ps were performed. Snapshots of the geometry structures of both a-and b-BeH 2 at the end of each AIMD simulation are presented in Fig. 3 . Our computations demonstrated that the structures of a-and b-BeH 2 can be well kept throughout 20 ps AIMD simulation up to 500 K, but collapses at 550 K, indicating a melting point in the range of 500-550 K. This melting point could be approximately considered as the hydrogen desorption temperature, which is comparable to that of bulk beryllium hydrides at 523 K. 40 Aer full atomic relaxation, the nal structures of a-and b-BeH 2 at 298 and 500 K can easily recover their initial congurations. These results suggest that both aand b-BeH 2 have good thermodynamic stabilities. Furthermore, since 500-550 K is moderate hydrogen desorption temperature, this result renders BeH 2 monolayers as promising hydrogen storage materials.
To understand the high structural stabilities for a-and bBeH 2 , a deep insight into the chemical bonding patterns were analyzed by the recently developed SSAdNDP method. [41] [42] [43] Since the electron congurations of Be and H atoms are 1s 2 2s 2 and 1s 1 , respectively, there are four valence electrons in one unit cell of BeH 2 . According to our computational results, multicenter delocalized bonds are obtained in both of these two congu-rations. In the a-BeH 2 (see Fig. 4(a) ), the bonding within Be-HBe ring is proved to be a 3c-2e bond, with an occupation number of 1.94 |e|, well known as "banana" bonds. And there are two "banana" bonds on both sides of the Be atomic layer, accounting for total 4 valence electrons. This novel "banana" bond formed in the a-BeH 2 can also be found in the [BeH 2 ] n nanoclusters.
16 While in the b-BeH 2 (see Fig. 4(b) ), the bonding nature is quite unique: the bonds distributed between the Be atomic layer and two H atomic layers are turned out to be two 4c-2e bonds. The occupation number of 4c-2e bonds is 1.96 |e|. To the best of our knowledge, this is the rst report of 4c-2e bonds in the 2D beryllium hydride systems, quick aer its rst nding in beryllium hydride cluster of Be 4 H 2 in 2008. 28 It will explain the high stability for the longest Be-H bond (1.59Å). In summary, the above results reveal that the forming of the "banana" bonds in a-BeH 2 and 4c-2e bonds in the b-BeH 2 are responsible for their high structural stabilities. As a building block, these multicenter bonds endow the a-and b-BeH 2 with a 2D network structure. Furthermore, the Hirshfeld charge population analysis showed that the net charges on Be in the aand b-BeH 2 are only 0.15 and 0.10 e, respectively, indicating that the Be-H chemical bonds are mainly of covalent nature.
Since the a-and b-BeH 2 are fully hydrogenated, both congurations are expected to have a wide bandgap. For example, hydrogenation of the graphene, silicene, germanene would signicantly induce these zero bandgap semiconductors to wide bandgap semiconducting for the graphane (5.40 eV), silicane (4.07 eV) and germanane (2.37 eV). 44 We then calculated the band structures to examine the electronic properties of the a-and b-BeH 2 . Unlike the metallic nature in the g-BeH 2 , 23 as shown in Fig. 5 , both the a-and b-BeH 2 have very large band gaps of 4.68 and 4.88 eV, respectively. In the band structure of the a-BeH 2 , the valence band maximum (VBM) is located at the M point and the conduction band minimum (CBM) is located along the G-X line, showing an indirect bandgap semiconducting feature. While for the b-BeH 2 , it is a direct bandgap semiconductor due to the VBM and CBM locating at the same symmetric point along the G-M line. It needs to be pointed out that the large band gaps of the a-and b-BeH 2 restrict their applications in microelectronic and optoelectronic devices, thus, further band modulations are needed, e.g. doping, edge decorations.
The mechanical properties are an important parameter for the potential application of 2D materials. Then, we examined the mechanical properties of both a-and b-BeH 2 by computing the elastic constants. To be mechanical stable, in theory, a 2D structure should meet the following criteria: C 11 C 22 -C 12 2 > 0, Remarkably, we noticed that a-BeH 2 has a negative C 12 , which results in negative Poisson's ratios of À0.19 (C 12 /C 22 ¼ C 12 /C 11 ). Since Poisson's ratio is dened as the ratio of a lateral contraction to the longitudinal extension during the stretching of a material, the negative Poisson's ratio of a-BeH 2 indicates a lateral extension in response to stretching, which is generally believed to be rare in 2D materials. For validation, a uniaxial stretching of 5% is applied for the a-BeH 2 in the x-direction. According to expectation, the equilibrium lattice constant of the a-BeH 2 in the y-direction is elongated by $0.08%. Similarly, a uniaxial compressing of 5% in the x-direction shorters the equilibrium lattice constant by $0.1% in the other direction. This unusual mechanical response conrms a-BeH 2 has a negative Poisson's ratios, which render its potential applications of mechanics.
Conclusions
In summary, we extended the beryllium hydride system from bulk and linear form to 2D form by designing two new BeH 2 monolayers. Our computations demonstrated that both BeH 2 monolayers are structurally stable, as indicated by the absence of imaginary modes in phonon spectra, moderate melting points, favorable formation energies and high mechanical strengths. According to the SSAdNDP analysis, the "banana" This journal is © The Royal Society of Chemistry 2018 bonds in a-BeH 2 and 4c-2e bonds in the b-BeH 2 are formed and are responsible for their high structural stabilities. Remarkably, the a-BeH 2 monolayer has a rather intriguing mechanical property featured with a negative Poisson's ratios. Since the BeH 2 monolayers are isoelectronic to graphene, the existence of them could be experimentally conrmed in the future. They would have a potential in the hydrogen storage due to the high hydrogen weight percentage of 18.2 wt% and moderate hydrogen desorption temperature 500-550 K.
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